The Japanese black bear, Ursus thibetanus japonicus, is a seasonal breeder and shows delayed implantation for several months during pregnancy. The objective of this study was to clarify the steroidogenic capability of the corpus luteum and placenta during pregnancy, including both delayed implantation and fetal development, by immunolocalization of steroidogenic enzymes in these organs of the Japanese black bear. Ovaries and placentae from 15 wild Japanese black bears, which had been killed legally by hunters and were thought to be pregnant, were used in an immunocytochemical study to localize the cholesterol side chain cleavage cytochrome P450 (P450scc), 3β-hydroxysteroid dehydrogenase (3βHSD), 17α-hydroxylase cytochrome P450 (P450c17) and aromatase cytochrome P450 (P450arom) by the avidin-biotin-peroxidase complex method using polyclonal antisera raised in mammals against P450scc, 3βHSD, P450c17 and P450arom. P450scc and 3βHSD were localized in all luteal cells throughout pregnancy. P450c17 was present in a few luteal cells, especially in the outer area of the corpus luteum throughout pregnancy, but the number of positively immunostained cells decreased during the post-implantation period. Cells positively immunostained for P450c17 were significantly smaller than negatively immunostained cells (P < 0.01). P450arom was present sporadically in a few luteal cells throughout pregnancy, but the number of positively immunostained cells decreased during the post-implantation period. The size of cells positively immunostained for P450arom was not significantly different from that of negatively immunostained cells. The whole placenta was negatively immunostained for P450scc, 3βHSD and P450c17, but P450arom was present in the syncytiotrophoblasts and endothelial cells of maternal blood vessels. These results indicate that, in the Japanese black bear, corpora lutea are a source of progesterone which may play an important role in the maintenance of delayed implantation and fetal development during pregnancy. Corpora lutea have a minimum capability to synthesize androgen in small luteal cells and oestrogen in normal-sized luteal cells during pregnancy, and placentae have the ability to synthesize oestrogen during late pregnancy.
delayed implantation and fetal development in Ursidae have been examined in detail in American black bears (Foresman and Daniel, 1983; Hellgren et al., 1991) and Hokkaido brown bears (Tsubota et al., 1987 (Tsubota et al., , 1991 . These studies indicate that peripheral progesterone concentrations fluctuate markedly during pregnancy, including the period of delayed implantation. Progesterone was maintained at relatively high concentrations during the period of delayed implantation, but increased markedly at peri-implantation and decreased abruptly to baseline concentrations at parturition. Oestrogen fluctuated erratically without a regular tendency in relation to delayed implantation. In bears, other pituitary and ovarian hormones, such as inhibin, prolactin, FSH and LH, have been investigated by the measurement of the peripheral concentrations of these hormones (Tsubota et al., 1998; Sato et al., 2000a) .
The objective of this study was to immunolocalize steroidogenic enzymes in the corpus luteum and placenta throughout pregnancy to determine whether the sites of steroidogenesis change as pregnancy progresses in Japanese black bears.
Materials and Methods

Materials
Ovaries containing corpora lutea, uteri and placentae (in one case (no. 14), the placenta only) were collected from 15 adult female Japanese black bears that had been killed legally by hunters between July 1984 and January 1993 in the central area of Honshu Island, Japan (Table 1) . These tissues were removed within 24 h after the bears had been killed. A pre-implantation embryo, which was 0.7 mm in diameter and had developed to the blastocyst stage, was recovered from the uterine lumen of one bear (no. 6), and fetuses and placentae were obtained from three bears (nos 13, 14 and 15). The age of these bears was determined by counting the cementum annuali of the first premolar teeth, as described by Yoneda (1976) .
Immunocytochemistry
After the ovaries and placentae were fixed in 4% (v/v) formaldehyde solution, they were dehydrated with graded concentrations of ethanol and embedded in paraffin wax. Each paraffin wax section (5 µm in thickness) was placed on poly-L-lysine-coated glass slides (Poly-prep™ slides, Sigma, St Louis, MO) and paraffin wax was removed using xylene. The sections were immunostained with antisera of cholesterol side chain cleavage cytochrome P450 (P450scc; from Dr S. Kominami), 3β-hydroxysteroid dehydrogenase (3βHSD; from Dr J. I. Mason), 17α-hydroxylase/ C17-C20 lyase cytochrome P450 (P450c17; from Dr S. Kominami) and aromatase cytochrome P450 (P450arom; from Dr N. Harada) using the avidin-biotin-peroxidase complex method described by Araki et al. (1996) . Briefly, the sections were placed into methanol with 0.3% (v/v) H 2 O 2 (Wako) for 10 min to block endogenous peroxidase activity, incubated in PBS containing 10% (v/v) normal goat serum (Sigma) for 10 min to reduce background staining and treated with primary antisera (1:500 or 2000) raised in rabbits against bovine adrenocortical mitochondrial P450scc (Suhara et al., 1978) , human placental microsomal 3βHSD (Doody et al., 1990) , guinea-pig adrenal microsomal P450c17 (Kominami et al., 1982) and human placental microsomal P450arom (Harada, 1988) . Thereafter, the sections were incubated with a second antibody, goat anti-rabbit IgG conjugated with biotin and peroxidase with avidin, using a rabbit ExtrAvidin™ staining kit (Sigma), followed by colouring with 30 mg 3,3'-diaminobenzidine (Wako) solution in 150 ml of 0.05 mol Tris-HCl l -1 buffer, pH 7.6, plus 30 µl H 2 O 2 . Finally, the reacted sections were 588 T. Tsubota et al. counterstained with haematoxylin solution (Merck). The control sections were treated with normal rabbit serum (Sigma) instead of the primary antisera.
Measurement of the size of luteal cells A total of 50 or 100 luteal cells, immunostained positively and negatively for P450c17 and P450arom, were selected randomly and measured using a micrometer in an eyepiece. The size of the cells was expressed by determining the square root of the long diameter ϫ short diameter (in µm). Luteal cells with P450c17 immunostaining in bears 13 and 15 and with P450arom immunostaining in bear 13 were not measured because there were insufficient positively immunostained cells. Statistical analysis was performed using the Student's t test.
Results
Gross and histological observation
All ovaries contained corpora lutea, primary, secondary, antral and atretic follicles and interstitial tissue. The corpora lutea contained connective tissue in the central area and luteal cells were arranged radially around the connective tissue. There were two types of luteal cell: one with large clear nuclei and the other with small pale nuclei, although there were only a few cells with small pale nuclei (Fig. 1a) . Cells that had large clear nuclei were distributed throughout the corpora lutea, but cells with small pale nuclei were present only in the outer region of the corpora lutea. Corpora lutea were judged to be steroidogenically active because of the marked vacuolation in the cytoplasm of luteal cells (Fig. 1a) as described by Tsubota and Kanagawa (1993) .
Three of the 15 bears had placentae, which from gross characteristics were observed to be of the zonary type and were classified histologically as the endotheliochorial type. The maternal placenta is composed of three zones. Maternal capillaries were connected to the syncytiotrophoblast of the fetal placenta (Fig. 2a) .
Immunocytochemical studies
Control sections for both the corpus luteum and the placenta were negatively stained except for the counterstaining of nuclei with haematoxylin (Fig. 1a) . In most of the bears, P450scc and 3βHSD were localized in the cytoplasm of all luteal cells throughout pregnancy (Fig.  1b,c, respectively) . P450c17 was present in a few luteal cells, especially in the outer area of the corpus luteum throughout pregnancy (Fig. 1d,e) , but the number of positively immunostained cells tended to decrease during the post-implantation period. Cells that were positively immunostained for P450c17 were significantly smaller than negatively immunostained cells (P < 0.01) ( Table 2) . P450arom was sporadically present in a few luteal cells in the corpora lutea throughout pregnancy (Fig. 1e) , but the number of positively immunostained cells decreased significantly during the post-implantation period (10.6 Ϯ 1.0% in delayed implantation period versus 1.6 Ϯ 1.1% in postimplantation period; P < 0.01). The size of cells positively immunostained for P450arom was not significantly different from that of negatively immunostained cells (Table 2) . The whole placenta was negatively immunostained for P450scc, 3βHSD and P450c17, but P450arom was present in the syncytiotrophoblast and endothelial cells of maternal blood vessels (Fig. 2) .
Discussion
In the present study, three of 15 Japanese black bears had placentae, whereas the other 12 bears were assumed to be undergoing delayed implantation. Unimplanted embryos of 0.7 mm in diameter were detected in the uterus of only one of 12 bears sampled during the presumed period of delayed implantation, because the uteri were fixed in formaldehyde solution before they were flushed to recover embryos. However, it is assumed that the bears with corpora lutea in their ovaries had unimplanted embryos in the uterine lumen because: (i) these samples were collected at the time when delayed implantation usually occurs in Hokkaido brown bears (Tsubota and Kanagawa, 1993); (ii) luteal cells contained steroidogenic enzymes indicating that these cells were steroidogenically active (Tsubota et al., 1994) ; and (iii) the uterine glands had numerous tall epithelial cells, which are indicative of delayed implantation (Tsubota and Kanagawa, 1993) .
This immunocytochemical study showed that all luteal cells of Japanese black bears contained P450scc and 3βHSD during and after the period of delayed implantation. P450scc, which converts cholesterol to pregnenolone in the mitochondria of luteal cells, is a rate-limiting enzyme for luteal steroidogenesis (Carr, 1992) . 3βHSD converts pregnenolone to progesterone via the ∆4 steroidogenic pathway. Results from the present study indicate that, throughout the period of delayed implantation and after delayed implantation, the corpora lutea of Japanese black bears synthesize progesterone from cholesterol using P450scc and 3βHSD.
Progesterone production in the corpus luteum during delayed implantation has been reported in western spotted skunks (Ravindra et al., 1984) , ferrets (Kintner and Mead, 1983) and badgers (Fevold and Wright, 1969) . The present study is also supported by reports that peripheral progesterone concentrations increase from undetectable concentrations during the pre-mating season to relatively high concentrations during the period of delayed implantation, remain high at the time of implantation and decrease to baseline values before parturition in Japanese black bears (Sato et al., 2000b) , Hokkaido brown bears (Tsubota et al., 1987) and American black bears (Foresman and Daniel, 1983; Hellgren et al., 1991) . Furthermore, the study on Hokkaido brown bears demonstrated that all luteal cells contained P450scc and 3βHSD during the delayed implantation period, indicating that corpora lutea synthesize progesterone during this period (Tsubota et al., 1994) .
P450c17 and P450arom convert progesterone to androgen, and androgen to oestrogen, respectively. In the present study, only a few luteal cells in 13 of 14 bears and 12 of 14 bears contained P450c17 and P450arom, respectively, indicating that the corpus luteum has a minimum capability to synthesize androgen and oestrogen, respectively. There are also no reports that peripheral androgen and oestrogen concentrations increase during the period of delayed implantation in bears. Tsubota et al. (1994) suggested that P450c17 and P450arom are contained in two separate cell populations, which would mean that each cell population has the ability to synthesize either androgen or oestrogen, but not both hormones. The present study supports this hypothesis because the cells that contained P450c17 were distributed in the outer region of the corpus luteum, whereas P450arom-positive cells were dispersed throughout the corpus luteum. In addition, P450c17-positive cells were smaller than P450arom-positive cells. Hence, the corpus luteum in the Japanese black bear consists of three types of cell, which synthesize progesterone only and progesterone plus androgen and oestrogen, but androgen and oestrogen synthesis is low during the period of delayed implantation.
The corpora lutea of many mammals contain two distinct steroidogenic cell populations, commonly called small and large luteal cells. However, in carnivores, only one type of luteal cell, presumably derived from granulosa cells, has been reported (Mossman and Duke, 1973) . In ferrets (Joseph and Mead, 1988) and western spotted skunks (Sinha and Mead, 1975) it is assumed that luteal cells are derived from granulosa cells, even though large and small luteal cells have been observed. Whether carnivores, including bears, have two types of luteal cell that are derived from different original cells remains to be determined.
In brown and black bears, peripheral progesterone concentrations are high during the peri-implantation period (Foresman and Daniel, 1983; Tsubota et al., 1987; Hellgren et al., 1991; Sato et al., 2000b) . This observation indicates that, in bears, the corpus luteum is reactivated after receiving stimulation from either the pituitary or another gland at the time of implantation. In American black bears, the size of the corpus luteum and each luteal cell increases at implantation (Wimsatt, 1963) . In the present study, although the size of the luteal cells tended to increase after implantation, no difference was observed in the immunostaining of the corpora lutea pre-and post-implantation. A quantitative analysis of 3βHSD, the key enzyme for progesterone synthesis, and its mRNA is required. In some mammalian species, progesterone and oestrogen secreted from the placenta are involved in the maintenance of pregnancy and the induction of parturition; however, the type and concentration of these hormones differs among species. P450arom, the key enzyme in converting androgen to oestrogen, was present in the syncytiotrophoblast of the labyrinthine zone of the placenta in all three bears that had fetuses and placentae. Furthermore, in two of the three bears, P450arom was also immunolocalized in the endothelial cells of maternal blood vessels. This finding indicates that the placenta, including the syncytiotrophoblast and the endothelial cells, can synthesize oestrogen. There are some reports on humans and domestic cats in which P450arom was immunolocalized in syncytiotrophoblast (Sasano, 1989; Zhong et al., 1989; Naganuma et al., 1990) , and 3βHSD, but not P450arom, was present in the endothelial cells of maternal blood vessels in ferrets (Ferguson and Christie, 1967) . The source of androgen as a precursor of oestrogen synthesis in the placenta varies among animals. It is possible that androgen is supplied by the fetus since P450c17 was absent in the placenta.
In conclusion, this immunocytochemical study indicates that, in Japanese black bears, corpora lutea are a source of progesterone which may play an important role in the maintenance of delayed implantation and fetal development during pregnancy; corpora lutea have a minimum capability to synthesize androgen in small luteal cells and oestrogen in normal-sized luteal cells during pregnancy; and placentae can synthesize oestrogen throughout pregnancy.
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